[1] Interplanetary coronal mass ejections (ICME) and corotating interaction regions (CIR) alter the parameters of the solar wind and interplanetary magnetic field (IMF) that affect conditions in the Earth's magnetosphere and particle precipitation in the auroral zone. We perform a superposed epoch study of the effects of ICME-dominated and CIR-dominated solar wind on particle precipitation during geomagnetic storms. We use data from a set of 38 CIR events and 33 ICME events. Particle precipitation is inferred from cosmic noise absorption (CNA) recorded by the riometer at Abisko. The electron flux intensity at geosynchronous orbit close to the location of the riometer is taken from the synchronous orbit particle analyzer (SOPA) onboard the Los Alamos National Laboratory (LANL) satellite LANL-01A. The results show that mean CNA is more intense during the main phase of ICME-driven storms. In contrast, mean CNA remains elevated for a much longer period during CIR-driven storms indicating prolonged periods of particle precipitation. Enhanced CNA over a sustained period of time is observed during CIR-driven storms that are categorized as only weak or moderate in terms of the response that they drive in the Dst index (Dst >À100 nT). This result indicates that events which may be considered geomagnetically ineffective have a significant effect on particle precipitation in the auroral zone. The elevated CNA observed during CIR-driven storms is accompanied by elevated electron flux intensity, measured at geosynchronous orbit, over all channels in the 50-500 keV range at all local times.
Introduction
[2] Interaction between the solar wind and the Earth's magnetosphere can cause disturbances in the geomagnetic field. The solar wind parameters that affect the level of geomagnetic activity are the solar wind velocity (v) and the southward oriented component of the interplanetary magnetic field (IMF) in GSM coordinates (B s ) [e.g., Gonzalez and Tsurutani, 1987; Gosling et al., 1991; Gonzalez et al., 1999; Borovsky and Denton, 2006; Tsurutani et al., 2006, and references therein] .
[3] Two solar wind structures have been identified as the important drivers of geomagnetic storms; interplanetary coronal mass ejections (ICME) and corotating interaction regions (CIR) [e.g., .
[4] ICMEs are the interplanetary (IP) counterpart of massive eruptions of magnetized solar plasma. Typically, an ICME is composed of an interplanetary shock wave, a sheath region of compressed solar wind and an ejecta [e.g., Gopalswamy, 2003] . The configuration of the magnetic field in the sheath and the ejecta can lead to enhanced B s . Almost all shocks observed at 1 astronomical unit (AU) are associated with an ICME [Sheeley et al., 1985] , a feature shown to enhance geomagnetic effects [Gosling et al., 1991] . However, not all ICMEs are sufficiently fast to drive a shock [Gosling et al., 1991] . In this paper, geomagnetic storms driven by any combination of an ICME shock, sheath or ejecta are termed ICME driven storms.
[5] CIRs are regions of compressed magnetic field and plasma that result from interaction between high-speed and slow-speed solar wind streams [e.g., Tsurutani et al., 1995 Tsurutani et al., , 2006 . The fast-solar wind streams typically have speeds of $750 to 800 kms À1 , and emanate from coronal holes, whereas slow-speed streams typically have speeds of $300 to 400 kms
À1
, and originate from the streamer belt region [e.g., Tsurutani et al., 2006] . As coronal holes can persist for longer than the rotation period of the Sun, the high-speed streams may reoccur with a frequency of $27 days. The term CIR is applied to the interaction region and the period of high solar wind speed which follows each interaction region in this paper.
[6] The likelihood of the solar wind being dominated by either an ICME or CIR structure is dependent on the level of solar activity [e.g., Tsurutani et al., 1995; Gonzalez et al., 1999; Richardson et al., , 2001 . CIRs usually occur during the declining phase of solar activity. ICMEs occur throughout the entire solar cycle but are more frequent in the period around solar maximum [e.g., St. Cyr et al., 2000] .
[7] Features of geomagnetic storms have been observed to exhibit different characteristics dependent on the solar wind driver [e.g., Tsurutani et al., 2006; Borovsky and Denton, 2006; Denton et al., 2006] . CIR-driven storms are more likely to occur following an extended period of geomagnetic calm than ICME-driven storms [Borovsky and Denton, 2006, and references therein] where a period of calm is defined as Kp 1 + over one to two days. Borovsky and Denton [2006] have shown that ICMEs have a greater influence over the ring current than CIRs while CIRs have the greater influence over magnetospheric convection, which can measured using the Kp index [Bartels et al., 1939; Thomsen, 2004] . The density and temperature of particles at geosynchronous orbit also exhibit different profiles during storms depending on the solar wind driver .
[8] One manifestation of geomagnetic activity is the precipitation of particles trapped in the magnetosphere into the ionosphere in the auroral zone. Variation of ionospheric characteristics can have implications for High Frequency (HF) communication [e.g., Kavanagh et al., 2004] . Precipitation of energetic electrons (E > 30 keV) in the D-region of the ionosphere can be inferred through measurement of the level of absorption of cosmic radio noise (CNA) during propagation through the ionosphere by groundbased riometers.
[9] The passage of geomagnetically effective ICMEs and CIRs can provide a number of driving mechanisms for enhanced electron precipitation [e.g., Longden et al., 2007] . Substorms, a feature common to all geomagnetic storms [e.g., Gonzalez et al., 1994] are known to drive precipitation [e.g., Hargreaves et al., 1975; Ranta et al., 1981] . This precipitation is linked to the injection of particles at the time of substorm onset, with CNA observed around local midnight at the time of the initial injection and CNA observed in the local morning as the injected particles drift and harden [e.g., Stauning, 1996] . Precipitation can also be caused by rapid compression of the magnetosphere resulting from changes in the incident solar wind pressure (P dyn ) [Brown et al., 1961 [Brown et al., , 1972 Brown and Driatsky, 1973; Perona, 1972] . Changes in P dyn can be driven by solar wind features such as IP shocks and regions of high density. Kavanagh et al. [2004] have shown that CNA is dependent on the same solar wind parameters as geomagnetic activity, namely v and B s . CNA has been observed to reoccur with a 27 day period during the declining phase of solar activity [Hultqvist, 1966 and references therein] implying a link between CIR activity and CNA.
[10] The aim of the current study is to compare the magnetospheric response in terms of electron precipitation during ICME-driven and CIR-driven storms. We perform a superposed epoch analysis on riometer data during 33 ICME-driven and 38 CIR-driven storms. A broad correlation has previously been shown between energetic electron flux at geosynchronous orbit and CNA during substorms [e.g., Parks et al., 1968; Baker et al., 1981] and riometer measurements have been used to identify substorm activity [Spanswick et al., 2007] . We use electron flux intensity data from the synchronous orbit particle analyzer (SOPA) instrument [Belian et al., 1992] onboard one of the Los Alamos National Laboratory (LANL) satellites at geosynchronous orbit to enable investigation of the relationship between this and CNA throughout the development of a storm.
Instrumentation
[11] Energetic electron precipitation is inferred from CNA data from the widebeam riometer located at Abisko, Sweden (68. 40°N, 18.90°E geographic) . This riometer operates at 30 MHz and is part of the chain of riometers operated by the Sodankylä Geophysical Observatory (SGO). Between 2000 and 2006, the riometer at Abisko mapped to an L shell of $5.81 to $5.85 and had a magnetic latitude in the range $65.30°N to $65.37°N. Magnetic latitudes are given the Corrected Geomagnetic (CGM) coordinate system using the International Geomagnetic Reference Field (IGRF) model [e.g., Maus et al., 2005] .
[12] Electron flux intensity data are taken from the SOPA instrument onboard the LANL-01A satellite located in geosynchronous orbit. LANL-01A was located at a geographic longitude between 7.6°E and 9°E during these events and ostensibly maps to an L shell of 6.6. During 2000 to 2006, the footprint of a geomagnetic field line mapped from the equator at 6.6 R E at the longitude of the LANL-01A satellite using the Tsyganenko 89C model [Tsyganenko, 1995] was around 67°N. The SOPA instrument records electrons with energies in the range 50 keV to $ 26 MeV over 16 energy channels.
[13] Observations of the solar wind conditions at the L1 point during the events are taken from the magnetic fields experiment (MAG) instrument [Smith et al., 1998 ] and the Solar Wind Electron Proton Alpha Monitor (SWEPAM) instrument [McComas et al., 1998 ] onboard the Advanced Composition Explorer (ACE) satellite. The parameters selected to indicate solar wind conditions were v x and B z (GSM), due to their influence on the strength of the interplanetary convective field, and v y (a measure of the east-west velocity of the solar wind. A change from westerly direction (À) to an easterly direction (+) is a typical signature of a CIR event.
Data Analysis

Event Selection
[14] Candidate ICME events were initially selected from the list of ICMEs compiled by Cane and Richardson [2003] . This list covers the period from 1996 to 2002. Data are available from the LANL-01A satellite from October 2000 and events occurring before this time were not used in this study. Additional ICME events occurring between 2002 and 2006 were identified from solar wind plasma and IMF data. Candidate CIR events were selected from the list used by Denton et al. [2006] , covering the period of 1993 to 2005. These events were selected from a list of east/west deflections in the solar wind [R. McPherron, private communication] , with additions based on direct examination of solar wind data. Again, events occurring prior to the coverage of LANL-01A were discarded. ICME and CIR events were also discarded when there was incomplete data coverage during the event, when a subsequent event was observed within 72 h of the time of the onset of the initial event or when no clear minimum in the Dst index was observed following the onset of the event. Applying these criteria resulted in a set of 33 ICME events from 2000 to 2006 and a set of 38 CIR events from 2003 to 2005 for analysis. The prehistory of the solar wind or background conditions in the magnetosphere were not considered.
Epoch Analysis
[15] In this study, geomagnetic activity is inferred from three indices; Dst, Kp and SYM-H. Dst is considered to be a measure of intensity of the ring current [e.g., Grafe, 1999, and references therein] and can be used to categorize storm intensity [e.g., Gonzalez et al., 1994] . The Kp index can also be used to categorize storm intensity [e.g., Gosling et al., 1991] and is a proxy for the strength of magnetospheric convection. The SYM-H index is a similar measure to the Dst index but has a 1 min resolution [e.g., Wanliss and Showalter, 2006] . The higher resolution means that the SYM-H index can be used to investigate geomagnetic activity on a smaller temporal scale, such as sudden impulses (SI) [e.g., Takeuchi et al., 2002] .
[16] For each event, the Dst index was inspected to identify the first clear minimum value following the arrival of the solar wind structure at the magnetosphere. The time of arrival can be estimated from the solar wind speed and the time of initial observation by the ACE satellite [e.g., Khan and Cowley, 1999] and is typically of the order of an hour for ICME and CIR events. Following Denton et al. [2006] the first minimum in Dst was used as the zero epoch for the event. Data were taken from 24 h prior to and 72 h following the zero epoch to cover the period from storm onset through to recovery. Storm intensity was determined from the lowest value of Dst observed throughout the duration of the storm. Table 1 shows a summary the number of storms at each intensity level according to driving structure. As storms may experience growth in more than one phase [e.g., Kamide et al., 1998 ], the time of zero epoch is not necessarily the time of minimum Dst. SOPA data with a temporal resolution of 10 s and ACE data with a temporal resolution of 64 s were used. Linear interpolation was applied to the SOPA and ACE data to ensure consistent timing for these data sets between events.
[17] We have performed the analysis using data from storms of all intensities and then from storms of weak to moderate intensity only, to enable comparison of precipitation due to the solar wind driver during similar storm conditions.
[18] Mean values as a function of epoch time were calculated at the sampling rate for each data set for particle precipitation, solar wind parameters and geomagnetic indices. An estimate for solar wind P dyn was obtained from the proton number density and solar wind velocity data from the ACE satellite.
Results
[19] The results of the superposed epoch analysis are shown in Figures 1 and 2 . Figure 1 shows the results of the study when data during storms of all intensities are considered and Figure 2 shows the results for storms of weak and moderate intensity only. In both figures, the panels show, from top to bottom, the mean electron flux intensity of 50 -75 keV electrons from the LANL-01A satellite, mean absorption from the Abisko riometer, mean v x , mean v y and mean IMF B z from the ACE satellite, mean P dyn calculated from ACE data, and mean SYM-H, Kp and Dst indices as a function of epoch time. A dashed line indicating a value of zero is shown for v y and B z to highlight zero crossings. Figures 3 and 4 show the mean data from the epoch analysis study for CIR-driven and ICME-driven storms of all intensities respectively with ±1 standard deviation indicated by the dashed lines.
[20] From Figure 1b , mean CNA from the Abisko riometer during ICME-driven storms of all intensities shows an increase from $10 h prior to the zero epoch. Two clear peaks are also evident in this data; the first $1 h prior to the zero epoch and the second $5 h following the zero epoch. Following the second peak, mean CNA is observed to decay to levels below that observed prior to the zero epoch. Mean CNA during CIR-driven storms also shows an increase from $10 h prior to the zero epoch. This CNA increases gradually and then remains elevated throughout the period of the study following the zero epoch.
[21] From Figure 4b , it can be seen that the standard deviation in the magnitude of CNA in ICME events decreases $14 h after the zero epoch, around the time that the mean value is seen to decrease. This is consistent with less intense precipitation at this time as the mean value of CNA and the deviation of intensities away from this mean are both reduced. The standard deviation in CNA during CIR events (Figure 3b ) does not show a marked decrease at a given time in the development of the storm, also consistent with enhanced precipitation following the zero epoch.
[22] The most intense CNA is observed when ICMEs are the dominant structure in the solar wind. However, CNA related to the passage of a CIR exceeds that related to ICMEs over a sustained period of time. As a result of the sustained enhancement of CNA, total mean absorption during CIR-driven storms slightly exceeds total mean absorption during ICME-driven storms over the four day period of the study.
[23] When mean CNA during weak and moderate storms only is considered (Figure 2b ), the profile during CIR events is largely unchanged. This is unsurprising as only 1 of the 38 events did not generate storms of these intensities. However, the 19 ICMEs that drove a weak or moderate storm produced mean CNA somewhat different to that observed during ICME-driven storms of all intensities. Mean CNA is lower in magnitude during the lower intensity storms throughout the period of the study. Two peaks around 2 h prior to and 5 h following the zero epoch can still be identified but numerous additional peaks of equal magnitude can be observed at other times in the study. Also, the peak intensity of CNA during ICME-dominant solar wind is of similar magnitude to the peak CNA during CIRdominant solar wind.
[24] CIRs have a consistent structure; slow solar wind is followed by an interaction region which is then followed by a period of fast solar wind. These results highlight the fact that typical CIR-Earth interactions are similar in nature. In contrast, ICME-Earth interactions are all very different in nature since they depend on the size, structure, density etc. of the associated solar wind structure.
[25] The general trend in mean 50-75 keV electron flux intensity closely follows the trend in mean absorption at Abisko during CIR-driven storms. Mean 50 -75 keV elec- Figure 1 . Superposed epoch time series of data for the set of 38 CIR-driven storms and 33 ICME-driven storms. From (a) to (i), the panels show mean electron flux intensity for electrons with energies in the range 50-75 keV from the LANL-01A satellite, mean CNA from the Abisko riometer, mean solar wind velocity in the X and Y direction (GSM), mean IMF B z (GSM), mean solar wind P dyn , mean SYM-H, mean Kp and mean Dst. The zero epoch is the time of the first clear minimum in Dst for each event.
tron flux intensity is initially low, gradually rising prior to the zero epoch and remaining high throughout the rest of the period of the study. The similarity is less pronounced during ICME-driven storms although is still somewhat elevated. However, when storms are considered individually, the significant correlation between CNA and 50-75 keV electron flux intensity ranges from highly correlated (r > 0.8) to uncorrelated (r % 0) over the four day period for both CIRand ICME-driven storms. It should be noted that geomagnetic activity can alter the mapping of equatorial field lines [e.g., Tsyganenko, 1995] , affecting the spatial separation between the riometer at Abisko and the LANL-01A satellite Figure 2 . Superposed epoch time series of data for the set of 37 CIR-driven storms and 19 ICME-driven storms of weak and moderate intensity (Dst >À100 nT). From (a) to (i), the panels show mean electron flux intensity for electrons with energies in the range 50-75 keV from the LANL-01A satellite, mean CNA from the Abisko riometer, mean solar wind velocity in the X and Y direction (GSM), mean IMF B z (GSM), mean solar wind P dyn , mean SYM-H, mean Kp and mean Dst. The zero epoch is the time of the first clear minimum in Dst for each event. LONGDEN ET AL.: ICME-AND CIR-DRIVEN PRECIPITATION in terms of the geomagnetic field. It is possible that during geomagnetic storms the separation between the instruments exceeds the spatial extent of precipitation events.
[26] Figure 5 shows mean CNA at Abisko and mean electron flux intensity for electrons with energies in the range 50-500 keV at LANL-01A during CIR-and ICMEdriven storms. Mean electron flux intensity in the higher energy channels show a similar to profile to that of the 50-75 keV channel during CIR-driven storms; relatively low flux intensity at the start of the epoch period followed by a gradual increase with the onset of activity and sustained elevation. However, the time of onset of the increase in electron flux intensity is dependent on the energy of the electrons, with higher energy channels showing an increase at a later time than the lower energy channels. The electron flux intensity profile shows lower mean flux intensity across all channels in the 50 -500 keV band prior to the onset of CIR-driven storms than prior to ICME-driven storm. The signature of flux dropout is evident around the time of the zero epoch for storms driven by both structures. Flux dropouts at geosynchronous orbit have been linked to the growth phase of large geomagnetic substorms or storms altering the configuration of the magnetotail [Moldwin et al., 1995] . The mean electron flux intensity during ICMEdriven storms returns largely to pre-storm levels 1 to 2 days after the zero epoch. The mean flux intensity remains elevated during CIR-driven storms, not returning to prestorm levels before the end of the epoch period (3 days). The elevation of electron flux intensity is clear in all of the energy channels shown.
[27] Typical signatures of solar wind structures can be seen in the trends in the solar wind data used in the superposed epoch study. The mean solar wind v x (Figure 1c ) steadily increases from a slow speed ($400 kms À1 ) to higher speeds ($700 kms À1 ) during CIR events. A rapid elevation in v x can be seen during ICME-dominated solar wind periods just prior to the time of zero epoch, followed by a gradual return to ambient speeds. When compared to the mean solar wind velocity observed during weak and moderate ICME-driven geomagnetic storms (Figure 2c ), the rapid increase around the zero epoch is not evident. This could be an indicator of IP shock activity associated with the more intense ICME-driven storms. Mean v y (Figure 1d ) is around 0 kms À1 during ICME-dominated solar wind. A west to east rotation is evident during CIR-dominated solar wind.
[28] The mean IMF B z (Figure 1e ) is approximately 0 nT during both ICME-driven and CIR-driven storms at all A06205 LONGDEN ET AL.: ICME-AND CIR-DRIVEN PRECIPITATION times throughout the epoch study except immediately prior to the zero epoch, when a period of southward orientation is clear. The magnitude of the southward component for ICME-dominated solar wind is greater than for CIR-dominated solar wind during storms of all intensities, implying a greater rate of reconnection between the IMF and the magnetosphere under ICME conditions. When periods of weak and moderate storm activity only are considered (Figure 2e ), the southward component has an equal magnitude for both solar wind structures allowing more meaningful comparisons to be made.
[29] Peaks in mean P dyn during ICME-dominated solar wind are clear 2 to 3 h prior to the zero epoch and 1 to 2 h following the zero epoch. The initial peak occurs at the time of southward IMF. When storms of weak and moderate intensity only are considered (Figure 2f ), the peaks in mean P dyn become much less pronounced. During CIR-dominated solar wind, mean P dyn shows a gradual increase prior to the zero epoch, around the time of the west to east rotation of the solar wind.
[30] The profiles in the mean Dst index (Figure 1f ) and the mean Kp index (Figure 1g ) are as expected since ICMEdriven storms, on average, have a more intense signature in Dst but also show more rapid recovery. CIR-driven storms are less intense in terms of Dst and there is no real trend toward recovery within the subsequent 3 days. Peak mean Kp is greater for ICME-driven storms but mean Kp remains elevated over a longer period of time during CIR-driven storms, implying a longer period of magnetospheric convection [e.g., Denton et al., 2006] .
[31] Table 2 lists a summary of some of the descriptive statistics of the parameters used in this study during CIRdominant and ICME-dominant solar wind. These parameters are taken from the data from the early phase of the storm (from À1 day to +1/2 day of the four day period) and from the later phase (from +1/2 day to +3 days of the four day period) from the 38 CIR-driven storms and the 33 ICME-driven storms used for the epoch study. From Table 2 , it can be seen that the most extreme values of the parameters, including CNA, v x and southward B z , were observed when an ICME was the dominant structure in the solar wind and the most intense geomagnetic response, in both Dst and Kp, was driven by an ICME. The average values of these parameters in the early phase were greater during ICME-driven storms and greater range and variation in most parameters is also observed for ICME-driven storms compared to CIR-driven storms. However, in the later phase of the storms the average values of CNA, v x and Kp are greater when CIRs are the driver of the activity. This demonstrates the persistence of activity following the onset of the storm due to the high-speed solar wind stream following the CIR. The persistence of activity is such that when data from the entire four day period of the epoch study is considered, average CNA during CIRdriven storms ($0.60 dB) slightly exceeds that observed during ICME-driven storms ($0.59 dB).
Discussion
[32] Solar wind and IMF conditions have a significant role in the occurrence and strength of auroral zone particle precipitation [e.g., Kavanagh et al., 2004] . Solar wind parameters that have been linked to driving mechanisms of precipitation include velocity, southward oriented IMF [e.g., Kavanagh et al., 2004] and dynamic pressure [Brown et al., 1961] . In addition to a driving mechanism, a sufficient population of electrons is required for precipitation to occur [e.g., Kavanagh et al., 2004] . A number of models predict the occurrence of CNA from the Kp index [e.g., Bradley, 1984, 1985; Hargreaves, 1966; Kavanagh et al., 2004] . Osepian and Kirkwood [2004] found a different response in CNA driven by IP shocks based on the background level of Kp prior to the arrival of the shock.
[33] The profile of mean CNA at the Abisko riometer during the events selected for the study show that the passage of the solar wind structures drives enhanced energetic electron precipitation in the auroral zone. However, the profile in CNA differs dependent on the driving structure. In the early stages of the development of the storm, CNA is greater, on average, in ICME events. In the later stages of the storm, CNA is stronger during CIR events. It appears that the geomagnetic response to the passage of an Statistics are given for the early phase of each event, from À1 day to +1/2 day of the epoch, and for the later phase of each event, from +1/2 day to +3 days of the epoch. ICME is shorter than that driven by the passage of an CIR. Geomagnetic activity in the auroral zone, indicated by the Kp index, is known to remain elevated for a longer period during CIR events than during ICME events [e.g., . This is confirmed by mean Kp in this epoch study (Figure 1f) . Solar wind velocity also remains elevated due to the persistence of a high-speed stream following the compression region. This means that both enhanced geomagnetic activity and a solar wind driver for particle precipitation are provided by CIRs over a sustained period.
[34] Electron precipitation exhibits a diurnal variation [e.g., Cowley et al., 1991; Bradley, 1984, 1985; Hargreaves 1966 Hargreaves , 1969 Hargreaves and Cowley, 1967; Hargreaves et al., 1987; Hartz et al., 1963; Holt et al., 1961; Ranta et al., 1981; Kavanagh et al., 2004] , with a clear minimum in the local evening. Solar wind driving mechanisms appear unable to stimulate significant precipitation at this time. This has been attributed to insufficient electron flux at this local time [e.g., Kavanagh et al., 2004] . The diurnal effects are largely removed from the averaged data in the epoch analysis results. Short-duration spikes in CNA, such as those driven by substorm activity in the midnight sector, can also be de-emphasized by the averaging process.
[35] To identify possible diurnal effects, Figure 6 shows mean CNA from the riometer at Abisko and mean electron flux intensity from the LANL-01A satellite during the 38 CIR-driven storms and 33 ICME-driven storms used in this study binned according to Universal Time (UT). In this figure, ''Day 0'' refers to the day on which storm onset occurred and is independent of the time of the first clear minimum observed in the Dst index for each event. ''Day À1'' is the day prior to the onset of the storm. ''Day 1'' to ''Day 4'' are the days following the onset of the storm, covering storm development and possible recovery. The magnetic local time (MLT) of the Abisko riometer is $UT +2 h 20 min and the MLT of the footprint of LANL-01A is $UT +10 min.
[36] From Figure 6 , diurnal variation in CNA and electron flux intensity during both CIR-driven and ICME-driven storms is clear. During ICME events, peak CNA is consis- Figure 6 . Time series of mean CNA at Abisko and mean geosynchronous electron flux intensity for electrons with energies in the range of 50 -500 keV from the LANL-01A satellite. Panels (a) and (b) show the data from the set of 38 CIR-driven storms. Panels (c) and (d) show the data from the set of 33 ICME-driven storms. The data has been binned according to UT. Day 0 refers to the day on which storm onset occurred. tent during the first three days of the period, indicating elevated CNA prior to the onset of the storm. After the onset of storm activity, mean CNA is elevated across a wider range of local times. During the recovery phase of the storm, peak mean CNA decays. Mean geosynchronous electron flux intensity shows isolated, impulsive increases during the main phase of storm activity, including in the local evening. However, there is no significant increase in the peak mean daytime electron flux intensity with changing activity.
[37] During the CIR events, mean CNA and mean electron flux intensity are low at all local times prior to the onset of storm activity. The effect of the onset of the storm (''Day 0'') appears to have little effect on these parameters. During the development of the storm and apparent recovery, mean CNA and electron flux intensity across all energy channels in the 50-500 keV range are elevated at all local times compared to pre-storm levels. This elevation is sustained throughout the four day period considered.
[38] As CNA and geosynchronous electron flux intensity exhibit a local time dependency, the timing of the occurrence of a precipitation event may affect whether it is detected by the riometer and satellite used in this study and all precipitation events may not have been observed. Further investigation of precipitation using data from a number of riometers should provide information about the spatial extent of precipitation events and local time effects during CIR-and ICME-driven storms.
[39] Borovsky and Steinberg [2006] found that 67% of CIR-driven storms occurred following a period of geomagnetic calm, compared to 37% of ICME-driven storms. There is evidence of this ''calm before the storm'' in the low value of mean CNA and mean geosynchronous electron flux intensity prior to the onset of CIR-driven activity in this study. When storms of all intensities are used, an enhancement in CNA is clear for both CIR events and ICME events $ 10 h prior to the zero epoch. Before this time, mean CNA for ICME events exceeds that of mean CNA for CIR events. Additionally, mean CNA falls to a level lower than that observed initially. Higher levels of geomagnetic activity are apparent prior to the zero epoch.
[40] When storms of all intensities are considered, the peaks in CNA at Abisko during ICME-dominated solar wind occur around the time of increased in mean P dyn . When weak and moderate storms only are considered, both the increased P dyn and CNA are no longer pronounced. This implies that P dyn is significant in the occurrence of precipitation during ICME-driven storms. When individual ICME events were investigated, impulses in P dyn resulting in compression of the magnetosphere seen as impulses in the SYM-H index were identified during some events. However, it is difficult to identify instances of precipitation directly driven by impulses in P dyn (sudden commencement absorption) as often the impulses occurred during a background of ongoing precipitation.
Conclusions
[41] The results of the epoch analysis show that there is a difference in particle precipitation during ICME-driven storms when compared to CIR-driven storms:
[42] (1) When events driving storms of all intensities are considered, mean CNA is more intense during ICME-driven storms but also shorter-lived. Mean CNA during CIR-driven storms increases gradually and remains elevated over a sustained period of time. When events driving an equivalent response in terms of storm magnitude are compared, mean CNA during CIR events is greater in magnitude as well as being sustained over a longer period, of the order of days, than mean CNA during ICME events.
[43] (2) Sustained CNA indicates the extended presence of driving mechanisms for particle precipitation during CIRdriven storms and a sufficient population of particles. Mean electron flux intensity at geosynchronous orbit for energies in the range 50-500 keV are also elevated over a sustained period during CIR-driven storms. The ''calm before the storm'' reported by Borovsky and Steinberg [2006] prior to the onset of CIR-driven storms is evident.
[44] (3) Of the 38 CIR events selected for analysis, 37 resulted in CIR-driven storms of weak or moderate intensity only when categorized according the Dst index. During these weak and moderate storms, a significant effect on particle precipitation was observed.
